contents are different. However, the direct visual evidence that some macromolecular 37
Introduction 51 52
To protect their soft body, most molluscs secrete an external rigid exoskeleton, the 53 shell. The shell is an inorganic-organic biocomposite, predominantly made of calcium 54 carbonate, with a minor fraction of occluded organics, about 1% of the shell weight (Marin et 55 al. 2012 ). This fraction, a mixture of proteins, glycoproteins and polysaccharides, collectively 56 described as the shell matrix, is the main regulator of mineral deposition (Weiner and Traub 57 1984; Lowenstam and Weiner 1989; Simkiss and Wilbur 1989) . During calcification, the shell 58 matrix is secreted by the calcifying mantle epithelium, together with inorganic precursor ions 59 including calcium, bicarbonate and minor elements such as magnesium and strontium (Marin 60 et al. 2012 ). All of these ingredients interact together at the interface between the mantle 61 tissue and the growing shell and self-assemble to form crystalline architectures that are 62 exquisitely crafted (Carter 1990) . 63
Because of their mechanical properties, marine mollusc shells are often taken as a 64 model for biomineralization studies (Addadi et al. 2006 ) and, more generally, as an 65 inexhaustible source of inspiration for generating organic-inorganic composites with tailored 66 mechanical properties and shapes (Cranford and Buehler 2010) . In addition to these 67 biotechnological applications, mollusc shells are studied for their capacity to record with high 68 reliability the variations of physicochemical parameters of seawater (Rhoads and Lutz 1980) . 69
In recent years, this second aspect has become more pressing in the context of concern over 70 global changes, in particular, of ocean acidification (Orr et al. 2005) . complete LS-AIM extract was eluted from the gel in about 13 hours and collected in 80 tubes 172 (5 ml per tube, flow rate of elution: 0.5 ml/min). All 80 fractions were tested with dot-blot 173 using a Bio-Rad Bio-Dot on a PVDF membrane. The membrane was subsequently treated 174 with polyclonal antibodies elicited against calprismin, a 37 kDa protein from the prismatic 175 layer of the bivalve Pinna nobilis (Marin et al. 2005 ). This antibody presented a strong cross-176 reactivity with the shell matrix of C. gigas in preliminary tests and recognized epitopes of 177 relatively abundant protein of the AIM in Western-Blot (results not shown here). Two 178 consecutive fractions presenting such strong reaction were pooled, and the resulting solution 179 dialyzed (Spectra/Por tube, 4 °C) and lyophilized. The purity of this extract, referred as F21-180 22, was tested on a 12 % polyacrylamide gel, similarly to what described above. 181
182
Proteomics on the purified fraction 183
The identification of the protein content of F21-22 was performed via a proteomic approach, 184
according to an in-gel digestion, as previously described (Kanold et al. 2015) . The fraction 185 was denatured and run on a precast 12 % acrylamide mini-protean TGX gel (Bio-Rad). The 186 gel was fixed overnight (colloidal Coomassie blue), then washed in Milli-Q water, and a band 187 manually sliced near 30 kDa. The slice was cut into cubes, which were subsequently placed in 188 an Eppendorf tube. Then, in-gel digestion was carried out with trypsin, according to a 189 published procedure with minor adjustments (Shevchenko et al. 2001 ): the sample was 190 destained twice with a mixture of 100 mM ammonium bicarbonate (ABC) and 50 % (vol.vol C18 reverse phase precolumn (3 µm particle size, 100 Å pore size, 150 µm i. d., 1 cm length). 205
The loading buffer contained 98 % H2O, 2 % ACN and 0.1 % TFA. Peptides were then 206 separated on a C18 reverse phase resin (2 µm particle size, 100 Å pore size, 75 µm i. (10:1), pH 9.8. After short incubation at 37°C, it was read with a multichannel 245 spectrophotometer at 405 nm. We checked that the two pre-immune sera gave no reactivities 246 and consequently used the different sera for further characterization. 247
Western blots (Towbin et al. 1979 ) were used to test the specificity of the antibodies against 248 the matrix of the shell of C. gigas. Both LS-AIM and ASM were tested on 12 % 249 polyacrylamide mini-gels. After migration, the proteins from the gels were electro-transferred 250 are linked with each other by leaflets that branch at different angles (Fig. 1b) , leaving a large 321 amount of empty space. Between the framework, the space is filled by tangled crystals. In 322 addition to the foliated and chalky microstructures, a thin prismatic calcitic layer is observed, 323 constituting the outermost part of the shell (not shown in Fig. 1 were fractionated on a monodimensional gel and stained with silver, the profile (Fig. 2a ) 331
shows few proteins on each of the fractions distinct from some smearing material. ASM ( The whole LS-AIM was fractionated on a preparative gel electrophoresis, and the fractions 341 were dot-blotted. The fraction of interest was eluted in tubes 21-22, and further processed, 342 including extensive dialysis and freeze-drying (Fig 2b) . It was referred as F21-22 (Fig. 2c) . 343
After extensive dialysis and freeze-drying, 2.13 mg of purified protein was obtained from 30 344 g of shell powder. The fraction, when tested on a mini-gel, is revealed as a thick 345 proteinaceous component around 27 kDa (Fig. 2d) . After production of polyclonal antibodies 346 in two rats (SER323 and SER324), titers from the PPI, PP, GP and SAB bleeds were 347 determined in ELISA (Fig. 3) . Pre-immune bleeds from both rats show no reaction to the 348 were elicited against a discrete molecular weight fraction, their response against the whole 365 ASM and LS-AIM encompasses a broad range of molecular weights, from above 170 kDa to 366 about 10 kDa. For rat SER323 (Fig. 4a) , we notice that the antibody allows visualizing 367 proteins that cannot be discriminated on the silver-stained gel, in particular proteins of high 368 molecular weights around 72, 130 and above 170 kDa. These proteinaceous components are 369 observed both for ASM and LS-AIM from GP and SAB (Fig. 4a) . Other proteins do cross-370 react around 50 and 40 kDa in the same lanes. For rat SER324, we obtain a different pattern, 371 since the corresponding antibody stains preferentially the smear than the discrete proteins. In 372 the ASM (Fig. 4b, SAB) , the F21-22 fraction is well marked. For both rats, the staining of LS-373 AIM is more pronounced than that of ASM. Signals given by GP bleeds are weaker than 374 those of SAB bleeds, particularly for rat SER324. This finding is congruent with the ELISA 375 results. 376
377
Proteomics on the F21-22 fraction 378
The proteomic investigations, as summarized in Table 1 , yielded a series of peptides that 379 match with three proteins or protein families of C. gigas that are, respectively: Gigasin-6, and 380 two of its isoforms Gigasin-6 X1 and Gigasin-6 X2; two nacrein-like proteins; a cell death 381 abnormality protein 1-like. Gigasin and its two isoforms X1 and X2 were identified by an 382 identical set of three different peptides. Each of the two nacrein-like proteins were also 383 identified by three peptides, two of which being identical in the two proteins, while the third 384 (Fig. 5a ) produces single crystals that exhibit the 396 typical rhombohedral morphologies of calcite. Effects are markedly different between the two 397 extracts. At low concentration (0.31 µg.mL -1 ), ASM exhibits a pronounced effect on the 398 crystal shape, with the formation of polycrystalline aggregates (Fig. 5e) . At the same 399 concentration (Fig. 5b) , fraction F21-22 exerts almost no effect on the crystal morphologies. 400
At 5 µg/mL, the effect induced by ASM is strong (Fig. 5f) while it is limited with fraction 401 F21-22 (Fig. 5c) . At high concentration (20 µg.mL -1 ), ASM induces only polycrystalline 402 aggregates that are completely rounded: some of the crystals are overgrown on their edges 403 (Fig. 5g) ; with F21-22, we notice the formation of polycrystalline aggregates, similar to that 404 produced at low concentration of ASM. In summary, the effect of the ASM is more 405 pronounced than that of the fraction F21-22, at equivalent concentrations. recognize preferentially the one of the chalky layer (Fig. 6a) , while SER324 antibodies give a 412 stronger signal with the one of the foliated layer (Fig. 6b) . For each of them, the most 413 important differential response between the chalky and the foliated extracts is recorded with 414 the GP bleeding, for which the reactivity ratio is about 2. The differences are attenuated with 415 the final bleed (SAB). (Fig. 7a, b) and fresh fracture surfaces (Fig. 7c-h ) are illustrated 420 and give congruent results. We observe a double phenomenon: firstly, a differential 421 immunolocalization of the epitopes recognized by anti-F21-22 on the chalky and on the 422 foliated microstructures, respectively; secondly, different responses, due to the rats that 423 generated the antibodies. While rat SER323 generated antibodies that recognize preferentially 424 the chalky layer, rat SER324 produced antibodies that mainly target epitopes of the foliated 425 layer and only few structures of the chalky layer. 426
The antibodies produced by SER323 and used on the fresh fracture surfaces (Fig 7c-d) mark  427 the edges of the sheets composing the foliated structure. It is worth noticing that the surfaces 428 of the sheets (parallel to the growth plane) are never stained. The SER323 antibodies stain the 429 chalky layer more or less uniformly. SER324 antibodies produce intense staining of the 430 foliated layer, together with a staining located specifically on a 'chalky scaffold' 431 perpendicular to the growth plane (Fig. 7e-h tested for proteomics, the fraction generated a short set of peptides that correspond to three 464 proteins or protein families identified in the genome of C. gigas. The first protein family is 465 that of gigasin-6 and its isoforms. Gigasin-6 is a 34 kDa (302 AA residue-long), leucine-rich 466 protein with a basic pI, which exhibits a C beta-lactamase-like domain, a domain that 467 catalyses the opening and hydrolysis of the beta-lactamine ring of this class of antibiotics, 468 which include penicillins and cephalosporins. Interestingly, gigasin-6 was one of the eight 469 proteins that were identified by us in a former study on the shell constituents of C. gigas 470 (Marie et al. 2011 ). Its function in calcification remains unknown. The second family 471 corresponds to nacrein-like proteins. Nacrein was initially identified and characterized in the 472 shell of the Japanese pearl oyster Pinctada fucata (Miyamoto et al. 1996) . Then, several 473 members, referred to as nacrein-like proteins, were identified in numerous molluscs and other 474 metazoans. Nacreins and nacrein-like proteins exhibit similar primary structure: they possess 475 a carbonic anhydrase (CA) domain, the function of which is to reversibly catalyse the 476 conversion of carbon dioxide into bicarbonate (Le Roy et al. 2014 ). In addition, they exhibit a 477 supernumerary domain, which is, in the present case, of the aspartic acid-rich type. Such a 478 domain is likely to be involved in mineral interaction (Le Roy et al. 2014 ). Finally, our 479 proteomic analysis identified a third member, a cell death abnormality protein 1-like 480 belonging to a group of conserved proteins involved in cell apoptosis. This protein has a 481 theoretical molecular weight of 28 kDa and is enriched in arginine and cysteine (about 12 % 482 each) and in glycine and proline (about 9 %). The reason of the presence of such a protein in 483 our shell fraction is obscure, and we cannot exclude the possibility that it was recruited for 484 calcification to display a completely different function than that related to apoptosis. Note that 485 this protein was not identified in our former proteomic study (Marie et al. 2011 ) on the whole 486 matrix: we observed indeed that performing proteomics on electrophoresis fractions improve 487 proteomics signals and allows the identification of rare proteins that are currently 488 overshadowed by abundant ones in the mixture of the skeletal matrix macromolecules 489 (Kanold et al. 2015) . One intriguing aspect of our proteomic analysis is that the two nacrein-490 like proteins exhibit a molecular weight higher than that expected from the electrophoresis 491 fraction (26-30 kDa), while that of the cell death abnormality protein 1-like and of gigasin-6 492 fit approximately into this molecular weight range. This calls for two explanations that are not 493 mutually exclusive: on one hand, we cannot rule out that nacrein-like proteins may have an 494 anomalous migration due in particular to their acidic supernumerary domain and that they 495 migrate 'faster' than expected; on the other hand, it is possible that these proteins may partly 496 degrade in the shell when occluded; consequently, what we detect by proteomics are simply 497 degradation products that co-elute with gigasin-6/cell death abnormality protein 1-like. 498
The purified fraction was used to generate polyclonal antibodies in two rats. 499
Interestingly, although the antibody batches (SER323 and SER324) cross-react with several 500 discrete and non-discrete macromolecules of the ASM and LS-AIM fractions, as shown by 501 Western blots, both gave different cross-reactivities, in term of specificity. Such a variation 502 can be expected, as two animals immunized with the same antigens in identical conditions do 503 not react similarly (Hanly et al. 1995) . In addition, our antibody preparations cross-react with 504 chalky and foliated extracts, suggesting partial overlaps in the protein compositions of these 505 two microstructures. Interestingly, the two GP bleeding batches gave the highest difference 506 between extracts of the chalky and of the foliated microstructures. We exploited these 507 differential in vitro responses to perform in situ immuno-histological localization on C. gigas 508 shell sections. The first antibody (SER323) marked predominantly, both on ELISA and on 509 histological preparations, the chalky layer, while the second antibody (SER324), when tested 510 with the similar techniques, marked the foliated layer, and some peculiar substructures of the 511 chalky one. To our knowledge, this is the first time that this property can be subtly exploited 512 for differential marking of shell microstructures. In former studies on nacro-prismatic 513 bivalves (Marin et al., 2000; Marie et al., 2012) , we identified protein markers that were 514 present in one shell layer and absent in the adjacent layer. 515
How is the chalky layer synthesized and why is such a mechanically poor 516 microstructure produced in the shell of C. gigas? As underlined in the introduction, the chalky 517 layer typifies ostreid shell microstructures, although this peculiar microstructure is also 518 present in other bivalve groups such as the spondylids (Vermeij 2014) . Structurally speaking, 519 the chalky layer consists of thin 'bladelike structures oriented perpendicularly to the inner 520 shell surface' (Vermeij 2014 ). This structure is hollow, extremely light, and discontinuous, 521
i.e., exhibits a lenticular shape. According to the extensive review of Korringa (1951) on 522 chalky deposits in the shell of Ostrea edulis, 'chalky layers are an economy building measure 523 by the oyster (…) their function is to smooth out irregularities on the inside of the shell'. 524
Further, Korringa defines chalky deposits as 'cheap padding'. Interestingly, this author 525 calculated that chalky deposits allow to fill the space with 'one-fifth of the shell material that 526 would be required if the folia layers were to be deposited'. Margolis and Carver (1974) 527 consider that 'deposition of calcite in the form of chalky deposits occurs as a specific 528 physiological response to environmental stimuli, possibly during periods of maximum 529 respiration'. It has been suggested that the chalky deposit is a rapid filling layer in periods of 530 high growth rates (Palmer and Carriker 1979) . Recently, Chinzei (2013) suggested that the 531 function of chalky deposits is to lighten the shell as an adaptation to soft substrates. 532
From a physiological and cellular viewpoint, it is unclear by which mechanism chalky 533 deposits are secreted: Orton and Amirthalingam (1927) assumed that they are formed in the 534 places where the mantle loses contact with the shell. According to Palmer and Carriker 535 (1979) , all the mantle epithelial cells capable of depositing foliated layers have the ability to 536 also deposit the chalky ones. In a very recent paper, Vermeij (2014) proposes a radically 537 novel view for chalky layer (mocret) deposition: this process would occur remotely from the 538 mantle tissues, which, in other words, strongly suggests that the deposition process is poorly 539 controlled by the mantle epithelium and that this remote calcification is enhanced by 540 carbonate-precipitating sulfate-reducing bacteria, which would 'colonize and occupy spaces 541 filled with a mixture of extrapallial fluid and seawater', both, rich in sulphate. If so, this 542
suggests that the deposition of chalky materials is mostly induced by an organic matrix of 543 bacterial origin, which, in other words, means a completely different matrix as the one used 544 for foliated shell deposition. extracts and immunogold staining with antibodies from rat SER324 suggest that part of the 556 epitopes of the chalky and of the foliated deposits are common to these two microstructures. 557
In particular, the locally-restricted marking of the chalky layers by SER324 antibodies is 558 limited to areas with a different aspect on those layers (Fig. 7e-h ). These structures seem to 559 expand vertically all the way through the chalky layer (Fig. 7e) . They may represent some 560 peculiar foliated structures that serve as "pillars" or "scaffolding" to help maintaining 561 integrity of the porous chalky layer. It has also been observed (de Rafélis, unpublished data) 562 that some micron-scale foliated layers were sometimes present in the chalky menisci of the 563 hinge region of the shell. 
